Introduction {#sec1}
============

As a type of soft templating, amphiphilic copolymers facilitate the synthesis of porous materials or hollow nanostructures.^[@ref1],[@ref2]^ The possible different morphologies, such as spherical, cylindrical, and bicontinuous phases of block copolymers, have provided controlled size and shape of the pores in materials like silica and carbon.^[@ref3]^ Additionally, scientists have used amphiphilic copolymers to prepare nanocapsules in a layer-by-layer approach, each layer building upon the previous layer with an opposite charge.^[@ref4]−[@ref6]^ In an alternative approach, Ali et al. used a vesicle template and polymerized from the surface. The first step in that procedure involves the electrostatic interaction between the vesicle surface and an oppositely charged reactive oligomer, but rather than using layer-by-layer amphiphilic polymer additions in subsequent steps, the polymer shell was directly grown from the reactive oligomer.^[@ref7]^ The reactive, amphiphilic oligomer was synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization and thus contained a reactive end-group capable of chain extension. This so-called RAFT oligomer contained hydrophobic butyl acrylate (BA) and hydrophilic, anionic acrylic acid (AA) units, which could ″attach″ to the cationic dimethyldioctadecylammonium bromide (DODAB) vesicle surface. These RAFT oligomers were then chain-extended to achieve the desired shell thickness.^[@ref7]−[@ref12]^ This process was found to result in several different final morphologies, including capsules, protruded capsules, parachute-like, and necklace-like structures.^[@ref13]−[@ref16]^ In previous work, where we studied the effect of cross-linking during the chain extension step, we found that a significant part of the capsules showed protrusions, with about 20% of the capsules showing a protrusion when we did not use any cross-linker.^[@ref11]^ This result suggested that the final morphology may actually be ″predefined″ by the morphology of the oligomer-vesicle precursors, and the fact that the oligomers have a molar mass and chemical composition distribution makes it very conceivable that indeed different morphologies of the oligomer-vesicle precursors exist.^[@ref11]^

In this paper, we investigate whether the precursors of the different structures can already be observed before the chain extension. We used a 2^5-1^ half-factorial experimental design^[@ref17]^ to systematically study the effects of different parameters in the precursor preparation (ratios of the vesicle to RAFT oligomer, pH, temperature, oligomer composition, and length) as they may have effects on the vesicle-oligomer precursor morphology and stability (see [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref18]−[@ref21]^

![Effect of Main Parameters on the Morphology of the Amphiphilic Polymer-Vesicle Structures](ma9b02182_0002){#sch1}

Experimental Section {#sec2}
====================

Experimental Design {#sec2.1}
-------------------

The preparation of the oligomer-vesicle precursors consists of the adsorption of RAFT oligomers on the surface of DODAB vesicles by adding a vesicle solution to a stirred solution of the RAFT oligomers at a given temperature. Here, we investigate the effects of a range of parameters in this process on the resulting morphology using a 2^5-1^ half-factorial design, for which the factors and their levels are defined in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The levels are based on typical variations from our previous studies.^[@ref7],[@ref11]^

###### Parameters and Ranges of the Designed Experiments

  factor                             low (−1)       high (1)
  ---------------------------------- -------------- --------------
  oligomer length (*L*)              18--22 units   28--31 units
  temperature (*T*)                  ambient        70 °C
  pH                                 6              8
  AA/DODAB ratio (*R*)               7.5            10
  AA content in oligomer (*F*~AA~)   0.66           0.75

Materials {#sec2.2}
---------

Acrylic acid (AA, Fluka 99%), butyl acrylate (BA, Aldrich, 99%), Triton X-100 (TX-100, Sigma-Aldrich, 99%), dimethyldioctadecylammonium bromide (DODAB, Acros, greater than 99%), methyl methacrylate (MMA, Aldrich, 99%), *tert*-butyl acrylate (*t*-BA, Aldrich, 98%), and ethylene glycol diacrylate (EGDA, Sigma-Aldrich, 98%) were used after inhibitor removal. Dioxane (Merck) and dimethyl sulfoxide-*d*~6~ (Campro Scientific) were used as received. Distilled deionized (DDI) water was used throughout experiments. The RAFT agent dibenzyl trithiocarbonate (DBTTC, 99%) was synthesized as described before,^[@ref8]^ the initiator *N*,*N*′-azobis(isobutyronitrile) (AIBN, Fluka, 98%) was recrystallized from methanol, and the water-soluble azo initiator 4,4′-azobis-4-cyanovaleric acid (V-501, Fluka, 98%) was used as received.

Synthesis and Analysis of RAFT Oligomers {#sec2.3}
----------------------------------------

Four different RAFT oligomers were synthesized corresponding to the four possible combinations of length (*L*) and AA content (*F*~AA~). The synthetic procedure of these oligomers has been described before,^[@ref10]^ and as an example, we describe here the synthesis of BA~6~-*co*-AA~12~. A monomer mixture of 11.9 g (0.093 mol) of BA and 13.4 g (0.192 mol) of AA was dissolved in 25 mL of dioxane and purged with argon before being added to a 100 mL three-neck flask containing a magnetic stirrer bar. To this mixture, 4.1 g (0.015 mol) of the RAFT agent DBTTC and 0.21 g (1.2 × 10^--3^ mol) of the initiator AIBN were added, and the polymerization was performed in a batch reaction for 5 h at 70 °C. Molar mass distributions (MWD), number-average molar masses (*M*~n~), and the dispersities (*Đ*) of the RAFT co-oligomers were measured by size-exclusion chromatography (SEC), using a Waters SEC equipped with a Waters model 510 pump and a model 410 differential refractometer. Tetrahydrofuran was used as the eluent in two mixed bed columns (Mixed-C, Polymer Laboratories, 30 cm, 40 °C), and the system was calibrated using polystyrene standards (range = 580--7.5 × 10^6^ g/mol). The average composition and degree of polymerization were determined via ^1^H NMR spectroscopy on a Varian 400 MHz spectrometer ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02182/suppl_file/ma9b02182_si_001.pdf)), using dimethyl sulfoxide-*d*~6~ as the solvent. The characteristics of the four oligomers are shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Molecular Characteristics of the RAFT Oligomers

                       SEC                                    NMR                                           
  -------------------- -------------------------------------- -------------------------------------- ------ ----
  BA~6~-*co*-AA~12~    1.23                                   14 × 10^2^                             1959   18
  BA~5~-*co*-AA~17~    1.10                                   9 × 10^2^                              2123   22
  BA~10~-*co*-AA~18~   1.14                                   16 × 10^2^                             2869   28
  BA~7~-*co*-AA~24~    n.d.[a](#t2fn1){ref-type="table-fn"}   n.d.[a](#t2fn1){ref-type="table-fn"}   2847   31

Not possible to determine by SEC.

Preparation of RAFT-Vesicle Nanostructures {#sec2.4}
------------------------------------------

A vesicle stock solution (A) was prepared by adding 0.652 g (1.03 mmol) of DODAB to 100 mL of DDI water and processed as explained earlier (*D*~z~ ≈ 200 nm, ζ = +50 mV).^[@ref8]^ A RAFT-copolymer solution (B) was prepared by adding BA*~x~*-*co*-AA*~y~* (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) to DDI water kept at pH = 7.5 using potassium hydroxide. Finally, a RAFT-vesicle dispersion (C) was then produced by addition of vesicle stock solution A into RAFT-oligomer solution B. The amounts of RAFT co-oligomer and vesicles are chosen in such a way that the ratio is kept at 2.5 (mol RAFT/mol DODAB) and is sufficiently far removed from the isoelectric point to avoid agglomeration as described in our previous study.^[@ref8]^ The particle size distribution and ζ potential of the RAFT-vesicle dispersion C were determined at 20 °C by dynamic light scattering (DLS), using a Malvern Zetasizer Nano ZS instrument. See the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02182/suppl_file/ma9b02182_si_001.pdf) for details of the measurements.

Nanostructure Stability via Surfactant Lysis {#sec2.5}
--------------------------------------------

The surfactant lysis experiments were done by adding Triton-X-100 solutions to the oligomer-vesicle mixtures (dropwise or by slow injection) as described in a reference.^[@ref12]^

Cryo-TEM Morphology Characterization {#sec2.6}
------------------------------------

Cryo-TEM was used under the standard conditions of using a type 3 Vitrobot to prepare a 3 μL sample blotted and plunged immediately into liquid ethane. The LaB~6~ electron gun equipped Tecnai 20 microscope was set at 200 KV while imaging at −176 °C. Particle structures were distinguished based on their 2D projection and categorized in four groups:

\(1\) Solid particles with adsorbed RAFT oligomers ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A,B).

![Different types of nanostructures prepared by the adsorption of random BA*~x~*-AA*~y~* RAFT oligomers onto DODAB vesicles: (A,B) solid spheres, (C,D) homogeneous capsules, (E,F) protruded hollow structures, and (G,H) multicompartment structures or onion-like structures.](ma9b02182_0006){#fig1}

\(2\) Round hollow capsules (mostly appearing as circular structures in the 2D projection) with uniform shells ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C,D). This case includes the original vesicles.

\(3\) Protruded hollow structures of a RAFT-oligomer protrusion attached to a hollow structure resembling the previously described parachute-like structures^[@ref15]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E,F).

\(4\) Multicompartment RAFT-vesicle structures observed as merged vesicles or onion-like structures ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}G,H).

Several cryo-TEM images of each RAFT oligomer-DODAB vesicle mixture were taken in order to provide a representative number of particles under repeatable cryogenic sampling conditions. Particles have been counted and categorized in the relevant groups, and a frequency graph was made as described in our previous work.^[@ref11]^

Polymerization from the Oligomer-Vesicle Precursor {#sec2.7}
--------------------------------------------------

Freshly prepared RAFT-vesicle dispersion C (17.5 mL) was transferred into a 50 mL three-neck flask equipped with a magnetic stirrer bar and a heating bath and diluted with 8 mL of DDI water. The reaction mixture was then purged with argon for 30 min at 70 °C under continuous stirring at 250 rpm. After addition of 7 mg (2.5 × 10^--5^ mol) of V-501 initiator, nanocapsules were synthesized by starved-feed emulsion copolymerization of MMA and BA (91 mol % MMA) using zero or 5% EGDA cross-linker.^[@ref11]^

Results and Discussion {#sec3}
======================

The effect of the different factors listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} on the morphology of the resulting oligomer-vesicle precursor was studied via a 2^5-1^ half-factorial experimental design, for which the parameter combinations are shown in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. The dominant morphologies obtained in these different experiments are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, and the fractions of the four different morphology types observed in the overall population are summarized in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}: *Y*~s~ is the fraction of solid particles, *Y*~c~ is the fraction of homogeneous spherical capsules, *Y*~p~ is the fraction of protrusion structures, and *Y*~m~ is the fraction of multicompartment structures. The stability of the precursors to surfactant lysis is also shown as the response *Y*, which is the fraction of particles that survived the lysis experiments. Statistical analysis of these data was performed using the software package MINITAB,^[@ref22]^ and the results are shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02182/suppl_file/ma9b02182_si_001.pdf).

![Cryo-TEM images of different types of precursor nanostructures prepared by random RAFT oligomers and DODAB vesicles from the experiments listed in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}.](ma9b02182_0005){#fig2}

###### Summary of Experimental Design and Obtained Results[a](#t3fn1){ref-type="table-fn"}

  exp.   *L*~--1~^1^   *T*~--1~^1^   pH~--1~^1^   *R*~--1~^1^   *F*~AA--1~^1^   *Y*   *Y*~s~   *Y*~c~   *Y*~p~   *Y*~m~
  ------ ------------- ------------- ------------ ------------- --------------- ----- -------- -------- -------- --------
  1      --1           --1           --1          --1           1               100   2        95       1        2
  2      1             --1           --1          --1           --1             99    100      0        0        0
  3      --1           1             --1          --1           --1             10    100      0        0        0
  4      1             1             --1          --1           1               0     8        61       12       19
  5      --1           --1           1            --1           --1             100   0        13       87       0
  6      1             --1           1            --1           1               99    7        56       0        37
  7      --1           1             1            --1           1               100   3        91       0        6
  8      1             1             1            --1           --1             96    2        3        73       21
  9      --1           --1           --1          1             --1             100   100      0        0        0
  10     1             --1           --1          1             1               98    0        77       20       3
  11     --1           1             --1          1             1               9     0        97       2        1
  12     1             1             --1          1             --1             0     22       12       22       49
  13     --1           --1           1            1             1               100   0        100      0        0
  14     1             −1            1            1             −1              99    0        18       65       7
  15     −1            1             1            1             −1              12    0        19       81       0
  16     1             1             1            1             1               0     1        30       5        64

*L* (oligomer length), *T* (mixing temperature), pH (mixing pH), *R* (AA/DODAB ratio), and *F*~AA~ (AA fraction in the oligomer), all in coded units; *Y* (stable peak proportion after surfactant lysis, see the Supporting Information), *Y*~s~ (fraction of solid particles), *Y*~c~ (fraction of capsules), *Y*~p~ (fraction of protrusion structures), and *Y*~m~ (multicompartment structures) seen by cryo-TEM.

When considering the data in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, the first thing one notices is the fact that most samples are stable against TX-100 addition. This was an unexpected result because the same test was used previously to determine whether stable capsules were produced after chain extension.^[@ref12]^ Furthermore, capsule structures are present in most of the experiments and protrusions in about half of the experiments, with the greatest occurrence of protrusions in experiments using an oligomer with a low AA content (those with *F*~AA~ = 0.66 or in coded units: *F*~AA--1~^1^= −1).

Multicompartment structures appear when nearly all factors are at the high level, but they are rarely the dominant structure in any of the experiments. In what follows, we describe the observed dependencies of the obtained morphologies on the preparation parameters in more quantitative detail.

Stability of Oligomer-Vesicle Precursors {#sec3.1}
----------------------------------------

The stability (*Y*) was quantified through the remaining proportion of the particles at the original size after TX-100 addition and is strongly dependent on the temperature at which the test is performed. Above their *T*~m~, vesicles cannot withstand the presence of TX-100^[@ref8],[@ref12]^ even when decorated with the RAFT oligomers. Statistical analysis of the results in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02182/suppl_file/ma9b02182_si_001.pdf)) results in the following relationship between the stability and the significant factors in coded units:

[Equation [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} shows that low temperatures lead to stable precursor structures, regardless of the oligomer composition in the system and that a high temperature and low pH lead to a decreased stability.

Fraction of Multicompartment Structures {#sec3.2}
---------------------------------------

Multicompartment structures are the least frequently observed morphologies in this set of experiments. *L* and *T* were found to be the most important factors affecting the fraction of multicompartment structures, leading to

Although the predictive value of this equation is limited (r^2^ = 61.1% and r~adj~^2^ = 51.4%), the equation and the data in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} show that significant amounts of multicompartment structures are found for high values of *L* and the highest amounts for high *L* and high *T*.

Fraction of Capsules {#sec3.3}
--------------------

The results in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} already reveal at first glance that experiments with high levels of AA (high *F*~AA~) result in higher fractions of spherical capsules than those with a low *F*~AA~. This result is not that surprising when considering that the interaction between the deprotonated acrylic acid groups and the cationic charges of the vesicles are responsible for the adsorption of the oligomers onto the vesicles. The length *L* of the oligomers was also found to significantly affect the fraction of capsules as is clear from [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}:

This dependence on *L* implies that the other monomer BA is also important. According to [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, with *F*~AA~ = 0.75 (+1 in coded units) and *L* = 18 (−1 in coded units), more than 85% of the product will be spherical capsules. With high *F*~AA~ and *L*, the fraction of capsules reduces to 55%, and (in the investigated parameter range) a minimum of *Y*~c~ = 8% is seen for long chains with low *F*~AA~ (i.e., for relative hydrophobic long oligomers). Under intermediate conditions (*F*~AA--1~^1^and *L*~--1~^1^ are equal to zero), 42% capsules will be produced.

Fraction of Protrusion Structures {#sec3.4}
---------------------------------

pH and *F*~AA~ were found to have the strongest influence on the occurrence of the protrusion structure. High pH and low *F*~AA~ result in more protrusion structures. Statistical analysis (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02182/suppl_file/ma9b02182_si_001.pdf)) of the results leads to the following relationship:

Within the range of investigated experimental conditions, a maximum amount of protrusion structures of *Y*~p~ = 77% is achieved at pH = 8 (+1 in coded units) and *F*~AA~ = 0.66 (−1 in coded units). So, for oligomers with a high BA content and all COOH deprotonated, this suggests the aggregation of BA segments.

Fraction of Solid Spheres {#sec3.5}
-------------------------

This study on RAFT-based encapsulation of vesicles is the first to report the occurrence of significant amounts of large solid spheres. In a few experiments of the current study, however, they constituted the dominant morphology. Experiments show that solid spheres mostly occur at low pH and low acrylic acid content in the system. Statistical analysis (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02182/suppl_file/ma9b02182_si_001.pdf)) shows that the only significant factors that influence the fraction of solid spheres are the pH and fraction of AA in the oligomer, *F*~AA~ (see [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}).

Effect of Oligomer Structure on Precursor Morphology {#sec3.6}
----------------------------------------------------

It is interesting now to consider the overall effect of the structure of the oligomer on the precursor morphology. Comparison of experiments 9 and 11 in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} shows that changing from a low to a high *F*~AA~ (and *T*) changes the morphology from (nearly) all solid particles to nearly all capsules.^[@ref23],[@ref24]^ When we then compare these two experiments with experiments 2 and 4, which only differ by the fact that 9 and 11 involve short oligomers and 2 and 4 involve long oligomers, we see a very similar effect. Again, upon changing from a low to a high *F*~AA~ (and *T*), the morphology changes from nearly all solids to capsules, being the dominant morphology (61%). However, in the case of experiment 4, also, a significant fraction of multicompartment structures (19%) is formed. Hence, from these four experiments, we conclude that a high AA content in the oligomer is necessary for capsule formation (potentially in combination with a flexible bilayer (high *T*)), but that longer oligomer chain lengths convert the capsule structures to multicompartment structures.

Solid particles and protrusions (*Y*~s~ and *Y*~p~) may also be connected, in the sense that a protrusion structure might disintegrate in a solid particle and residual vesicle material. [Equation [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} suggests that the overall amount of solid and protrusion structures only depends on *F*~AA~. The pH dependence of the occurrence of both structures is opposite, canceling out in the sum of the two structures.

This equation is in line with our earlier statement that high *F*~AA~ leads to a reduction in solid particles (and results in more capsules). So, when we now consider the fraction of capsules that is produced at high *F*~AA~ ([eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}), we see indeed that this fraction only significantly affects the length of the oligomer.

As stated before, this reduction in the fraction of capsules with large *L* (at high *F*~AA~) leads to an increase in multicompartment structures.

A lower acrylic acid content (*F*~AA~) automatically means a higher content of the more hydrophobic butyl acrylate, which in turn facilitates the formation of more compact and concentrated hydrophobic domains. In combination with a higher pH (and therefore more deprotonated AA groups), these domains are likely to be stabilized by negative charges and interact with the positive vesicle surface. The resulting structure would then be a protrusion structure as is schematically shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}; as such, the protrusion structures can be considered as a hybrid structure combining a vesicle and a solid particle. Such a not fully covered vesicle with a small polymer particle was previously called as parachute-like hybrid nanoparticle.^[@ref25]^

![Contour plot of the protrusion structure (blue dashed lines) and solid spheres (red connected lines) based on [eqs [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"} estimating the percentage of each structure based on pH and *F*~AA~. The schematic structures show the majority of morphologies observed on the corresponding side of the contour plot.](ma9b02182_0004){#fig3}

An increase in the fraction of protrusion structures is indeed predicted by [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, which at the same time shows that a lowering of the pH results in a decrease in the fraction of protrusion structures. Since a lowering in pH leads to an increase in the fraction of solid particles (see [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}), it is conceivable that a decrease in pH leads to a weaker interaction of the hydrophobic particles and the vesicles and that the particles simply do not attach. The question then would be why the typical vesicle structures seem to disappear. At this stage, we do not have a satisfying answer to this question other than that, under the low pH conditions, the vesicle structures may deform or integrate into the solid structures and become no longer visible.

Polymerization of Different RAFT Oligomer-Vesicle Precursors {#sec3.7}
------------------------------------------------------------

Finally, we investigate the effect of the initial RAFT oligomer-vesicle precursor on the final morphology of the polymer nanostructure after chain extension. For these studies, we selected the precursors originating from experiments 1 (mainly capsules ∼95%) and 5 (13% capsules and 87% protrusions) from [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. The RAFT oligomers in precursors 1 and 5 were both chain-extended by a monomer mixture of MMA and BA, and in addition, precursor 5 was also chain-extended with MMA/BA in the presence of the cross-linker EGDA. Representative cryo-TEM images of the dominant morphologies of the resulting polymer nanostructures are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. It is clear from these images that the resulting polymer structures resemble those of the starting precursor, with the main additional morphology after polymerization being solid particles (see [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). In the case of precursor 1, it is not clear at this point whether these particles originate from a desorption of polymer particles from the vesicle surface (i.e., the protrusions) or whether they are the result of secondary nucleation. The results for precursor 5 suggest that the former process plays a role because the use of a cross-linker in the chain extension (E and F in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}) results in a much lower fraction of solids than in the absence of the cross-linker (C and D in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}); cross-linking seems to fix the protrusions to the polymer shell around the vesicle.

![Polymerization of RAFT oligomer-vesicle templates with MMA/BA (10/1) monomer feed in starved feed emulsion polymerization: (A,B) nanocapsules growing from a circular template (C,D) polymerization from a protruded template, and (E,F) polymerization of a protruded template using 5% EGDA as the cross-linker.](ma9b02182_0003){#fig4}

###### Morphology Distribution of the Polymerized RAFT Oligomer-Vesicles Inferred from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}

  polymerization   solid (%)   capsule (%)   protrusion (%)   multicompartment (%)
  ---------------- ----------- ------------- ---------------- ----------------------
  A, B             23          70            6                1
  C, D             58          4             33               5
  E, F             28          10            62               0

When we now consider these results in the context of our previous work,^[@ref11]^ where under conditions of no added cross-linker still protrusion structures were observed in the structures after polymerization of the oligomer-vesicle precursor, it is interesting to predict the percentage of protrusions in the oligomer-vesicle precursors of that particular study. The conditions used in the previous study^[@ref11]^ are *F*~AA~ = 0.6 (close to the lower limit of this study *F*~AA--1~^1^ ∼ −1), and pH = 7 (pH~--1~^1^ = 0). Applying [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} leads to a rough estimate of *Y*~p~ = 41%. Hence, if the template is replicated into the final morphology after polymerization, indeed, a significant fraction of protrusions is expected in the product.

In conclusion, we can state that the final morphology of the resulting polymer nanostructure is to a very large extent determined by the morphology of the starting vesicle-RAFT oligomer precursor.

Conclusions {#sec4}
===========

In this study, we have shown that the morphology of vesicle-RAFT oligomer precursors to polymer nanostructures can be controlled by variation in the oligomer structure and complexation conditions. We showed that high fractions of acrylic acid are required for obtaining capsules and multicompartment structures, using short and long oligomers, respectively. Protruded capsules and solid particles are obtained using oligomers containing a low AA fraction. The results further suggest that these latter two morphologies as being related: protrusions are obtained at high pH, and solid particles are obtained at low pH, which suggests that the solid particles adsorb onto the vesicle surface when they contain more anionic AA groups. Finally, we have shown that the morphology of the polymer nanostructure after chain extension resembles that of the vesicle-RAFT oligomer precursor.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.macromol.9b02182](https://pubs.acs.org/doi/10.1021/acs.macromol.9b02182?goto=supporting-info).Details for the characterization of compound stabity (DLS data), Pareto charts, and factorial regression of the DOE analysis ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02182/suppl_file/ma9b02182_si_001.pdf))
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